Palladium-catalyzed cyclocarbonylation of N-heteroaryl-N-homoallyl amines led to γ-and δ-lactams with good yields and in a stereo-and regioselective way. The regio-and stereoselectivity of the methodology was investigated by changing the heterocycle attached to the amine and varying the reaction solvent and the metal ligand. In order to explain the obtained results, a cyclocarbonylation mechanism with the participation of the heterocyclic moiety is suggested.
Introduction
The lactam function is a strategic component of many natural compounds showing a biological and pharmacological activity. [1] [2] [3] [4] [5] Its importance has led many researchers to investigate new synthetic methodologies for the preparation of azetidinones, 5,6 pyrrolidinones 7-10 and piperidinones. 11, 12 Among these preparations, particularly interesting is the metal-catalyzed When toluene was used as solvent and 1,4-bis(diphenylphosphino)butane (dppb) as ligand we recorded a regioselectivity towards the six-membered ring; moreover, in these conditions, the five-membered ring was formed in the two isomeric forms cis-and trans-with a certain diastereoselectivity (trans>cis). It was found, in addition, that the use of CH 2 Cl 2 as solvent and R(+)-2,2'-bis(diphenylphosphino)-1,1'-binaphthalene (binap) as ligand made the reaction regioselective towards the five-membered ring product. The presence of a heterocycle as a substituent in these structures is potentially useful for subsequent synthetic modifications such as freeing the acyl groups masked by some of the heterocycles. 19 Comforted by these interesting findings we continued our research by carrying out the cyclocarbonylation on N-heteroaryl amines in order to obtain lactams bearing a heterocyclic function on the amide nitrogen. This investigation aims at the understanding of the potentially different regio-and stereoselectivity of the methodology, and at the same time producing, new structures with interesting biological activity or useful synthetic applications.
Results and Discussion
The unsaturated amines 1-7 were prepared (yield > 90%) through the coupling reaction between allyl-magnesium bromide and the imines (Scheme 2) prepared previously according to the Taguchi's method. 20 More details of these syntheses are given in the Experimental Section. Table 1 collects the data on the cyclocarbonylation of the N-heteroaryl amines 1-7 leading to γ-and δ-lactams in good yields. The reactions were performed in toluene or CH 2 Cl 2 , under a pressure (600 psi) of CO and H 2 , in the presence of a catalytic amount (10%) of Pd(AcO) 2 and dppb or binap as phosphinic ligands, at 120°C for 72-96 h. The relative geometries of the pyrrolidinone isomers were assigned on the basis of 2D-NOESY experiments. The NOE interaction between the CH 3 bonded on the C 3 of the γ-lactam, and the two different protons on the vicinal C 4 was evaluated.
A good regioselectivity was noticed using the substrates 1-3, having an α-aza heterocycle attached to the amide nitrogen. The reactions carried out in toluene as solvent and with dppb as ligand led to the δ-lactam as the major product (yields of 70-79 %, entries 1, 3, and 5, Table 1 ). Among the many cyclocarbonylation reactions performed under different conditions (varying the solvent and phosphinic ligand) in order to investigate the regio-and stereochemistry of these substrates, the more effective were those performed using CH 2 Cl 2 as solvent and binap as Pd ligand. The differences in yield between the γ-and the δ-adducts obtained from amines 1-3, increased even more using CH 2 Cl 2 as solvent and binap as ligand (yields of δ-lactam 75-88 %, entries 2, 4, and 6). Moreover, for all these reactions a high diastereoselectivity was observed among the pyrrolidinone derivatives. For example, only small amounts of the cis-isomer were formed (entries 5, and 6) or it was not formed at all (entries 1-4). Using the other amines, bearing a β-or a γ-aza heterocycle (4, 5), or those not having an aza group in the nitrogen substituent (6 and 7), the percentage of the δ-lactam decreased, sometimes in a significant way (entries 10 and 14), while the γ-lactam yield increased (entries [7] [8] [9] [10] [11] [12] [13] [14] . Furthermore, the trans-/cis-ratio within the γ-lactams became almost unity, even by changing the solvent and the ligand. From the results given above, it seems that the presence or absence of an aza group in the position α-to the heterocyclic functionality, that could participate in the coordination of the Pd during the lactam formation, is of strategic importance. A mechanism presumed for the cyclocarbonylation of N-heteroaryl unsaturated amines is reported in Scheme 3. The aza group should influence the coordination in the A and B structures (Scheme 3) and, consequently, the isomers' distribution. For example, the participation of the α-aza heterocyclic nitrogen in the Pd coordination during the cyclocarbonylation process could particularly favor the formation of the six-membered ring and the trans-diastereomer among the five-membered isomers.
Scheme 3. Suggested mechanism for the cyclocarbonylation of N-heteroaryl unsaturated amines.
An attempt was made to carry out the reaction without a ligand, on substrates 3 and 5. With the amine 3, which has an α-aza group on the imine nitrogen, the reaction occurred anyway, although with modest transformation yields, and with longer reaction times (120 h), but with the γ-/δ-lactam ratio confirmed (entry 15). A lower yield was noticed when using the amine 5 which still has an aza group linked to the aminic nitrogen, but in the γ-position (entry 16). These results support the suggested mechanism reported in Scheme 3, with the strategic participation of the α-aza heterocyclic nitrogen to the metal coordination. Also, the higher reaction yields obtained with the substrates 1-3 with respect to the substrates 4-7 should support this hypothesis.
Finally, in order to verify that the Pd participates in the reaction in the oxidation state (0) the reaction reported in entry 15 was repeated using the commercial tetrakis(triphenylphosphine)- 4 ]. An equally satisfactory yield was noted, and the metallic Pd(0) and the Ph 3 PO were observed at the end of the reaction. 21 In conclusion, we have found that unsaturated N-heteroaryl amines undergo a Pd-catalyzed cyclocarbonylation reaction, leading to five-and six-membered ring lactams, with good yield and high stereo-and regioselectivity. The latter can be modified by changing the heterocycle bonded on the amine and by varying the reaction conditions, in particular the solvent and the ligand. This methodology represents a useful path to the synthesis of these new substrates, extensively studied in biology and pharmacology.
Experimental Section
General Procedures. Toluene, dichloromethane, allylmagnesium bromide, palladium(II) acetate,
2-aminothiazole, 2-aminobenzothiazole, 2-aminopyridine, 3-aminopyridine, 4-aminopyridine, aniline, 1-phenylethylamine, and all other chemicals were of commercial grade (Aldrich), and were used without further purification. Benzaldehyde was of commercial grade (Aldrich), and was purified by distillation prior to use. Petroleum refers to the 40-60°C boiling fraction. The 1 H-and 13 C-NMR spectra were recorded with a Bruker Avance 400 apparatus (400.13 MHz and 100.62 MHz for 1 H and 13 C, respectively), with CDCl 3 as solvent and TMS as internal standard (δ = 7.24 ppm for 1 H spectra; δ = 77.0 for 13 C spectra). IR spectra were recorded with an FT-IR spectrophotometer Digilab Scimitar Series FTS 2000. GC-MS analyses were performed with a Agilent Technologies 6850 series II gas chromatograph (5% phenyl-polymethylsiloxane capillary column, 30 m, 0.25 mm i.d.), equipped with a 5973 Network mass-selective detector operating at 70 eV (EI). The electrospray ionization (HR-ESI-MS) experiments were carried out in a hybrid QqTOF mass spectrometer (PE SCIEX-QSTAR) equipped with an ion spray ionization source. MS (+) spectra were acquired by direct infusion (5 mL/min) of a solution containing the appropriate sample (10 pmol/ mL), dissolved in a solution of 0.1% acetic acid, methanol/water, 50:50, at the optimum ion voltage of 4,800 V. The pressure of the nitrogen gas flow was set at 30 psi and the potentials of the orifice, the focusing ring and the skimmer were kept at 30, 50 and 25 V respectively, relative to ground. Elemental analyses were performed on a Carlo Erba C, H, N analyzer. Melting points were measured using an Electrothermal melting point apparatus and are uncorrected. TLC was performed on Merck silica gel plates with F-254 indicator; viewing was by UV light (254 nm). Column chromatography was performed on silica gel (63-200 µm), with petroleum/diethyl ether (petrol/Et 2 O) or petrol/ethyl acetate (petrol/EtOAc) mixtures as eluents.
Preparation of N-aryl-α-(phenyl)homoallyl amines 1-7. The amines 1-5 were prepared by Grignard reaction of allyl magnesium bromide with the corresponding benzylidene-N-aryl amines. 18 The former precursors were prepared by the coupling reaction of the corresponding Naryl amines with the benzaldehyde according to Taguchi's procedure. 20 The amines 6 and 7 are known compounds and were prepared as reported in the literature.
22,23
(1-Phenylbut-3-enyl)-thiazol-2-ylamine (1). General Procedure for the preparation of γ-and δ-lactams 16a-g, 17a-g, 18a-g. A mixture of 1.0 mmol of 1-15, 0.04 mmol of Pd(AcO) 2 , and 0.1 mmol of ligand was dissolved in 5 mL of solvent and placed in a 45 mL autoclave. The autoclave was purged, pressurized (300 psi of CO + 300 psi of H 2 ), and then heated. The reaction was then cooled to R.T., worked up by addition of water (5 mL) and extracted with Et 2 O (3x5 mL). The combined organic layers were dried (Na 2 SO 4 ) and concentrated in vacuo. The crude products were purified by column chromatography (silica gel, petrol/Et 2 O or petrol/EtOAc in the appropriate ratio) to afford the pure γ and δ-lactams 16a-g, 17a-g, 18a-g; overall yields: 70-99%. 32.4, 60.2, 120.9, 121.6, 123.8, 125.6, 125.8, 127.1, 128.5, 133.5, 140.9, 148.1, 158.4 (18) 
3-Methyl-5-phenyl-1-thiazol-2-ylpyrrolidin-2-one (16a

